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Spatial variations of processes driving macrofaunal distributions can arise from interactions among
topographic features and oceanographic patterns, and are not understood at small scales in the north-
eastern Chukchi Sea. Benthic macrofauna and environmental characteristics were measured to determine
factors driving macrofaunal distributions as part of a multidisciplinary environmental program in the
northeastern Chukchi Sea from 2008 to 2010. Macrofauna were sampled in three study areas, named
Klondike, Burger, and Statoil, with a van Veen grab at up to 82 stations each year, as well as an area where
marine mammals were seen feeding. The macrofaunal assemblages in all study areas were similar in
species-composition with deposit-feeding polychaetes (53% of density and of 26% biomass) and bivalves
(15% of density and 52% of biomass) collectively the most prominent groups. Maldane sarsi dominated the
polychaetes in terms of both density and biomass, while bivalves were numerically dominated by Ennucula
tenuis, but their biomass was dominated by larger species such as Macoma calcarea and Astarte borealis.
Exceptions occurred in the marine mammal feeding area that was dominated by amphipods (71% of
density and 30% biomass). Average densities were higher in Burger than in Klondike or Statoil, while
biomass values were similar between Burger and Statoil, and higher in these two study areas than in
Klondike. Overall, the distributions, biomass and density of benthic macrofauna reﬂect the high volume of
production reaching the seaﬂoor in the shallow waters of the Chukchi Sea. Variations in community
structure among study areas were correlated with water depth and bottom-water temperature. Short-term
temporal differences in community structure covaried with interannual oceanographic variations that may
have altered food availability, macrofaunal survival, or larval recruitment. Topographic control over
circulation appears to be a primary driver in structuring benthic communities within the present study
region, as well as throughout the Chukchi Sea.
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Interest in understanding the Arctic has grown, with increasing
efforts now directed toward all components of arctic ecosystems,
including the marine environment (see reviews in Grebmeier et al.,
2006 and Hopcroft et al., 2008). In the Chukchi Sea, natural
resources are of interest to a broad variety of stakeholders, includ-
ing Alaskan Native subsistence hunters, environmental organiza-
tions, and those interested in extracting resources of economic
value. Continued decline in the extent of sea ice is altering the
ecosystems of the Arctic Ocean as well as opening the region to
increased anthropogenic activities and stresses (Grebmeier, 2012),r Ltd.
+1 907 474 7204.
nchard),
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Open access under CC BY-NC-Nunderscoring the urgency of documenting the present state of
arctic ecosystems. Key biological resources of the Chukchi Sea
include benthic organisms that transfer energy from primary
production to higher trophic levels and the recycle nutrients and
production back into the ecosystem (Barber et al., 1997; Highsmith
et al., 2006; Ray et al., 2006; Moore et al., 2010; Aerts et al., 2013;
Hannay et al., 2013). The role of benthic fauna as a food base for
multiple higher trophic levels in the Chukchi Sea requires a full
understanding of benthic community vulnerabilities as changes in
this resource may have larger implications for the ecosystem.
Community structure of benthic fauna commonly correlates
with sediment characteristics that are proxies for the physical
processes directly driving grain-size variations and faunal char-
acteristics (e.g., density, biomass, and composition) (Snelgrove
and Butman, 1994; Lenihan and Micheli, 2001). It is the larger
composite of natural forces including physical processes deli-
vering food, sources of disturbance, and physical dynamics (e.g.,
variations in current patterns and speeds) that drive macrofa-
unal community structure rather than sediment characteristics
themselves (Eagle, 1975; Thistle, 1981; Cochrane et al., 2009).
The northeastern Chukchi Sea is considered to beD license.
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biological characteristics have largely been associated with nutri-
ent characteristics of the different water masses in the region, and/
or gradients associated with environmental changes from inshore
to offshore (Feder et al., 1994a, b; Grebmeier et al., 2006).
Important deviations from these assumptions are found where
production of benthic communities is high in association with
changes in shoreline topography and bathymetry (Feder et al.,
1994a; Grebmeier et al., 2006). Alterations in water ﬂow caused by
topographic vari-
ations of the seaﬂoor and shoreline features (such as eddies, small
branches of currents, increased ﬂow in canyons, etc.) can result
in increased food availability to benthic communities causing
large increases in density and biomass over limited areas (Feder
et al., 1994a, 2007; De Leo et al., 2010); this can occur even in
environments with communities that are otherwise impoverished
(Blanchard et al., 2002). Although regional studies (e.g., the
northeastern Chukchi Sea) provide insights about meso- to macro-
scale (regional scales to multiple seas) drivers of benthic commu-
nities, it is also important to know how varying environmental
characteristics inﬂuence the distributions of benthic animals at
smaller scales, where signiﬁcant deviations may occur.
Benthic community variations in arctic seas reﬂect the inﬂu-
ence of large-scale processes such as pelagic–benthic coupling,
inﬂuences of water-mass characteristics on primary and secondary
production, oceanographic fronts, and currents (Cusson and
Bourget, 2005; Grebmeier et al., 2006; Cusson et al., 2007; Sun
et al., 2007; Carroll et al., 2008; Bluhm et al., 2009). Grebmeier
et al. (2006) indicate that pelagic–benthic coupling is a deﬁning
process for spatial variability of benthic communities in the
northeastern Bering and Chukchi seas as unconsumed, seasonal
primary production ﬂuxes to the benthos. Carroll and Ambrose
(2012) conclude that ecological processes associated with two
water masses (Arctic vs. Atlantic) drive benthic community struc-
ture on the northern Svalbard Shelf; there was a shift from pelagic
consumption of seasonal production in Atlantic Water to greater
benthic consumption and thus, high biomass, under Arctic Water.
Carroll and Ambrose (2012) also conclude that benthic commu-
nities of shelves in the Arctic are regulated by the processesFig. 1. The CSESP benthic macrofaunal study areascontrolling delivery of phytodetritus to the benthos and the
strength of pelagic/benthic coupling. As proxies for large-scale
drivers, environmental characteristics identiﬁed as important
predictors of the structure of macrofaunal communities in the
Chukchi Sea include water-mass characteristics, strength of pela-
gic–benthic coupling, sediment granulometry (e.g., percent gravel,
sand, or mud as a reﬂection of physical dynamics) and both
organic-matter content and composition (e.g., total organic carbon
and organic carbon:nitrogen ratio; Feder et al., 1994a, 2005, 2007;
Grebmeier et al., 2006).
Several studies of carbon cycling have demonstrated the linkages
between primary production in the water column and distributions
of invertebrate fauna in the Chukchi Sea. The number of pelagic
grazers is reduced in the Chukchi Sea due to an absence of deep-
water, over-wintering habitat for zooplankton, and the reduced
grazing results in a large ﬂux of phytoplankton to the benthos
(Dunton et al., 2005; Grebmeier et al., 2006). The ﬂux of particulates
to the benthos is dependent on the timing, development, and
composition of the grazing community, and thus grazing rates, that
are controlled by oceanographic conditions (Questel et al., 2013;
Weingartner et al., 2013). Synchronous responses by macrobenthic
organisms with climatic variations demonstrate the potentially tight
linkage of macrofaunal communities with oceanographic conditions,
and presumably, with variations in production, although the ecolo-
gical mechanisms controlling such responses are not fully known
(e.g., Blanchard et al., 2010; Carroll and Ambrose, 2012). Production
by ice algae in winter and spring, and benthic diatoms in summer,
also provides carbon to sediment-dwelling animals in the north-
eastern Chukchi Sea, possibly moderating the effects of variations in
seasonal production on macrofaunal communities.
The Chukchi Sea Environmental Studies Program (CSESP) is a
multi-disciplinary collaboration among industry and research scien-
tists investigating the ecology of the northeastern Chukchi Sea
during 2008–2010, and the factors inﬂuencing macrofaunal com-
munity structure. This research program provides physical, chemical,
biological, and oceanographic baseline trends for the overall study
area (Fig. 1; Day et al., 2013). The objective of the benthic ecology
component is to document species composition, density, and
biomass of benthic communities within the study areas. The scopein the northeastern Chukchi Sea, 2008–2010.
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meiofaunal, macrofaunal, and megafaunal (Blanchard et al., 2013b)
community structure, in situ digital photography of epibenthic
communities, trophic structure, and energy content of marine
mammal prey. The present study evaluates the spatial relationships
among macrofaunal community structure and environmental varia-
tions. Water-mass characteristics were suggested as deﬁning com-
munities and production in prior studies (Feder et al., 1994a;
Grebmeier et al., 2006). The CSESP main study region, however, lies
under the same water mass but with substantial ecological differ-
ences emergent among the Klondike, Burger, and Statoil study areas
indicating deviations from patterns described in prior studies.
We test the hypothesis that macrofaunal community character-
istics are associated with bathymetric, biological, geological, and
oceanographic characteristics as measured by water depth, percent
mud, organic carbon, and bottom-water temperature as independent
variables in multivariate gradient analysis. Repeated sampling at two
study areas, Klondike and Burger, provides a natural statistical con-
trast and the opportunity to determine how local environmental
gradients and topographic variations of the seaﬂoor contribute to the
structure of macrobenthic communities. Although three years are too
short for inferring long-term trends in benthic communities, the
present study provides an opportunity for preliminary insights into
short-term variability of macrobenthos. Presumably, local physical
characteristics drive macrofaunal community gradients, whereas
oceanographic variations affect their interannual modulation.2. Study area
The Chukchi Sea is a shallow body of water inﬂuenced by
seasonal ice cover and by advection of southern waters (derived
from the Paciﬁc Ocean entering through the Bering Strait) into the
Arctic Ocean (Fig. 1; Weingartner et al., 2005). Water-masses
moving into the region from the south include Anadyr Water,
Bering Sea Water, and Alaskan Coastal Water (Weingartner et al.,
2005). The northward current ﬂow is derived from differences in
sea-level height between the Paciﬁc and Arctic oceans. The water-
masses from the south advect heat, nutrients, zooplankton, and
larvae of benthic fauna into the region contributing to the
ecological characteristics of the Chukchi Sea. The shallow waters
of the Chukchi Shelf (∼35 to 45 m) prevent establishment of large
in situ communities of large-bodied grazing copepods, and they
are typically advected into the area from the south (Springer et al.,
1989). Feder et al. (1994a, b) discuss in further detail the oceano-
graphic characteristics inﬂuencing benthic fauna.
The Chukchi Sea overlies Beringia, or the Bering Land Bridge
submerged after the last glacial period (Elias and Brigham-Grette,
2007). The Bering Strait connects water ﬂowing northward from
the Paciﬁc Ocean with the Arctic Ocean transporting benthic fauna
northward (Carey, 1991; Dunton, 1992). Once north of Bering
Strait, water proceeds along three principal pathways associated
with the bathymetry: the Alaskan Coastal Current ﬂows along
the northwest coast of Alaska while Bering Sea Water ﬂows
northward through the Central Channel between Herald and
Hanna shoals and through Herald Valley in the western Chukchi
Sea (Weingartner et al., 2005; Woodgate et al., 2005). The models
of Winsor and Chapman (2004) and Spall (2007) suggest that a
portion of the water from the Central Channel moves clockwise
around the northern rim of Hanna Shoal and ﬂows toward to the
west along the south ﬂank of the shoal.
General environmental trends in the northeastern Chukchi Sea
follow the expected increase in depth and associated increase in
percent mud of sediments with greater distance offshore (Feder
et al., 1994a). There was also a trend of increasing percent mud,
increasing bottom-water salinity, and decreasing bottom-watertemperatures with increasing latitude. Feder et al., (1994a) observed
a bottom-water front extending to just south of Barrow Canyon
with higher water temperatures inshore of the front (reﬂecting
Alaska Coastal Water) and colder temperatures west and north of
the front (from Bering Shelf water). The coldest bottom-water
temperatures in the north were lingering winter-water, which is
seasonally displaced by Bering Sea Water (Weingartner et al., 2013).
Benthic communities reﬂected the change in water masses through
entrained seasonal production with increased density and biomass
north of the front (Dunton et al., 2005).
The present study area lies 100 to 200 km northwest of the
village of Wainwright, Alaska, in the northeastern Chukchi Sea
(Fig. 1; Day et al., 2013). The study region encompassed three
smaller study areas, Klondike, Burger, and Statoil, each with an
area of approximately 3000 km2, where successful lease bids were
made during the February 2008 as Chukchi Sea Lease Sale 193.
Environmental and oceanographic conditions vary substantially
between the study areas in spite of their close proximity to one
another (Weingartner et al., 2013). Klondike lies along the eastern
edge of the northward ﬂow in the Central Channel, whereas
Burger lies farther east. Water moves eastward from the Central
Channel across Klondike and Statoil and converges with waters
moving southwestward into Burger from the eastern ﬂank of
Hanna Shoal. Eventually all of these waters are carried eastward
into Barrow Canyon. Cold, saline winter–water is ﬂushed more
quickly from Klondike but remains longer in Burger. Although the
exchange of water differs in timing among the three study areas,
the bottom-water masses are the same at the beginning of spring
and consist of cold, saline winter–water which is gradually
replaced through summer and fall by warmer and fresher water
from the Bering Sea. Characteristics of seabird and marine mam-
mal populations in the study area suggest Klondike functions more
as a pelagic-dominated system with more pelagic-feeding birds,
whereas Burger appears to function more as a benthic-dominated
system with more benthic-feeding mammals (Aerts et al., 2013;
Day et al., 2013; Gall et al., 2013; Hannay et al., 2013).3. Materials and methods
3.1. Sampling methods
Benthic macrofauna of the northeastern Chukchi Sea were
sampled 21 August–5 September 2008, 5–19 September 2009,
and 5–19 August 2010. A total of 52 stations were sampled each
year in Klondike and Burger in 2008 and 2009, with 6 stations
added in 2009 offshore of Wainwright, AK, where gray whales
(Eschrichtius robustus) were seen feeding (the Mammal-feeding
study area). In 2010, 75 stations were sampled at Klondike, Burger,
and Statoil, plus 4 Transitional stations situated between Klondike
and Burger and 3 Mammal-feeding stations (Fig. 1; see also the
online Supplementary material in Appendix AI, Fig. A1). Sampling
included both ﬁxed and randomly-selected stations. Fixed loca-
tions were laid out in a grid to maximize spatial coverage of
stations sampled simultaneously by biological, chemical, and
physical oceanography teams (Questel et al., 2013; Weingartner
et al., 2013), whereas random selection of additional sampling
locations off the oceanographic grid provides information at scales
appropriate for the determination of spatial variation of macro-
faunal communities. Fixed station grids were established for each
study area with 26.5 km vertical and horizontal spacing between
the grid points chosen for sampling in this component. Twenty-six
stations (13 ﬁxed and 13 random) each were targeted for sampling
in Klondike and Burger during cruises in 2008–2010 and 24
stations (11 ﬁxed and 13 random) in Statoil in 2010. Sampling
tolerance for stations was 200 m. The Transitional stations help
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bility between the Klondike and Burger, and the Mammal-feeding
study area provides insights into faunal composition at gray whale
feeding grounds.
Benthic macrofauna was sampled with a double van Veen grab
with two 0.1-m2 adjoining grabs to collect samples of sedi-
ments for analyzing macrofauna, sediment grain-size, and organic
carbon. Three replicate samples were collected at each station
with one side of the double van Veen grab taken for macrofaunal
community analysis and environmental samples collected from
the other side. Material from each grab collected for macrofauna
was sieved on a 1.0-mm stainless-steel screen and the biological
material preserved in a 10% formalin-seawater solution buffered
with hexamine. Later, in the laboratory, organisms were identiﬁed
to the lowest taxonomic resolution practical, counted, and wet-
weight biomass measured following protocols of Feder et al.
(1994a). Wet-weight biomass included shells, but not worm tubes,
with the exception of tightly-adhering tubes of the family Owe-
niidae. Sediment samples were also collected from one van Veen
grab sample at each station and sieved in the laboratory to
determine proportions of mud, sand, and gravel according to
Wentworth (1922). Sediment samples collected for determinations
of percent organic carbon (OC) were analyzed by the University of
Alaska Fairbank’s Stable Isotope Facility. The top centimeter of
sediment was sampled to determine total chlorophyll concentra-
tion using a Turner Trilogy ﬂuorometer.
3.2. Statistical methods
Environmental data were analyzed for spatial trends using
linear regression and spatial modeling tools. Polynomial regres-
sion with interactions was performed to test the relationships of
the measured variables water depth, percent mud, total organic
carbon, and bottom-water temperature with the predictors year
of sampling and the intended latitude and longitude of sam
pling locations. Second order polynomial terms (Latitude2, Long-
itude2) and their interaction (Latitude2 Longitude2) were inc-
luded and regressions were performed in the statistical program
R (R Development Core Team, 2012). A strictly linear regre-
ssion relationship indicates that the measured environmental
characteristics vary regularly over the study area whereas a
nonsigniﬁcant result demonstrates that values of the response
variables are constant over space. Signiﬁcant interactions (Latitu-
de Longitude) indicate that changes over space are more com-
plex and vary by location and signiﬁcant second order interactions
(Latitude2 Longitude2) indicate that nonlinear surfaces (e.g.,
convex) are present. Geostatistical techniques were applied to
develop spatial models of averaged data for the physical variables
using the R library geoR (Ribeiro and Diggle, 2001).Table 1
Polynomial regression models of physical variables against year of sampling and intended
(βi) and p-values are given for the best ﬁtting models as determined by stepwise sele
higher-order interactions are signiﬁcant (hierarchical models).
Variables Depth Mud
βi P-value βi P-va
Year – ns – ns
Latitude −0.75 0.0012 7.11 0.00
Longitude 1.19 o0.0001 1.48 0.45
Latitude2 – ns −5.71 0.00
Longitude2 0.87 0.0002 – ns
Lat Long −0.67 0.0264 5.34 0.02
Lat2 Long2 – ns – ns
Adjusted R2 0.38 0.14Trends in biological community composition were evaluated
using univariate and multivariate approaches. Descriptive summa-
ries of the macrofaunal data provide insights into study area
variability and include average density, biomass, and number of
taxa per sample, Shannon diversity (loge), and the total number of
taxonomic categories identiﬁed (total number of taxa per area)
(Magurran, 2004). Comparisons of average density, biomass, and
number of taxa between years and study areas (Klondike and
Burger) were performed on the 2008–2010 data from Klondike
and Burger using repeated-measures analysis of variance (rm
ANOVA) with the statistical program Statistica (StatSoft, Inc., Tulsa,
OK) to evaluate spatial differences and short-term temporal
variability. Density and biomass data were ln(X)-transformed to
meet ANOVA assumptions and density values for major groups
were ln(X+1)-transformed due to zero values in the data. Tukey
pair-wise multiple comparison procedures were performed to
determine signiﬁcant differences among means. Comparable data
were not available for Statoil, Mammal-feeding, or Transitional
study areas, so comparisons are made among 95% conﬁdence
intervals. Environmental inﬂuences on community structure were
evaluated using canonical correspondence analysis (CCA) by
regressing environmental variables against axes from a correspon-
dence analysis of the biotic community data (removing species
having summed densities of less than four individuals m−2 for all
stations) in R and the vegan library (Oksanen et al., 2012). The
environmental data matrix for CCA analysis included year of
sampling, latitude, water depth, percent mud, OC and bottom-
water temperature (the latter from Weingartner et al., 2013).
Stations with missing environmental data were excluded from
CCA analyses. The SIMPER routine of PRIMER (http://www.pri
mer-e.com) was used to evaluate the taxa contributing most to
community structure based on a Bray–Curtis ordination for each
study area by year (Bray and Curtis, 1957; Clarke and Gorley,
2006).4. Results
4.1. Environmental characteristics
Latitude and longitude were signiﬁcant predictors of depth,
percent mud, and OC (Table 1). The signiﬁcant interactions for
latitude, longitude and their squared terms as predictors for the
physical variables indicate that the changes in depth, percent mud
and OC are not simple linear changes but involve more complex
spatial patterns. Latitude and longitude were the only signiﬁcant
predictors of bottom-water temperature indicating declining tem-
perature with increasing latitude and longitude. The percent
variance accounted for by the regression was low for percentlatitude and longitude of sampling locations. The estimated regression coefﬁcients
ction. Coefﬁcients and p-values are presented for all lower-order predictors when
Organic carbon Temp
lue βi P-value βi P-value
– ns – ns
11 0.42 0.4400 −0.72 o0.0001
56 1.03 0.0390 −0.59 o0.0001
07 −1.24 0.0145 – ns
−1.06 0.0866 – ns
94 0.25 0.7688 – ns
1.42 0.0118 – ns
0.07 0.59
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–6656mud and OC (adj. R2¼0.07 to 0.14, respectively), but higher for
depth and bottom-water temperature (adj. R2¼0.38 and 0.59,
respectively). Year of sampling was not a signiﬁcant predictor in
any of the models.
The geostatistical model for depth demonstrated shallow water
depths in Klondike and Statoil (∼39 m) with a trough forming
between the two areas leading to a deeper trough in Burger
(∼42 m), with observed water depths in the main study ranging
from 32.5 m in Klondike to 46.4 m in Statoil (Table 2 and Figs. 1, 2,
and 3). Klondike and Statoil were on average, shallower than
Burger and the Transitional stations, and the Mammal-feeding
study area was the deepest (∼50 m).
Overall, sediments were dominated by ﬁne fractions with
sediments in Burger (60% mud) being slightly muddier than
Klondike (≤47% mud), and the Mammal-feeding study area having
the coarsest substrates (∼16% mud; Table 2 and Figs. 2 and 3).
Contours of predicted values indicated a 14% increase in percent
mud from Klondike to Burger, and observed values ranged from 4%
mud in Klondike 2008 to 94% mud in Burger 2010.
Percent organic carbon (OC) was higher in Burger (9–10 mg g−1)
than in Klondike (7 mg g−1) or Statoil (6 mg g−1), and the spatial
model for OC demonstrated a gradient with lowest values in
Klondike and the northwestern corner of Statoil and highest
values in Burger (Table 2 and Figs. 2 and 3). The spatial trend
represented a 3 mg g−1 increase from Klondike to Burger and
measured values ranged from 2% OC in Klondike 2008 to 24% OC
in Burger 2010.
Bottom-water temperatures were higher in Klondike (0.9–
2.4 1C) than in Burger (−1.4–0.7 1C) and Statoil (−0.7 1C); they were
most variable and highest of all in the Mammal-feeding study area
(−0.4–5.3 1C) (Table 2 and Figs. 2 and 3). Bottom-water tempera-
tures declined 2.5 1C from Klondike to Burger in the contour plot
of the spatial model and observed values ranged from −1.6 1C for
Burger in 2008 to 3.6 1C for Klondike in 2010.Table 2
Environmental characteristics for study areas in the northeastern Chukchi Sea, 2008–20
temperature were from Weingartner et al. (2013).
Year/Attribute Study area
Klondike Transitional
Ave. SE Ave. SE
2008
Percent sand 45.9 3.1 ns ns
Percent mud 48.7 3.7 ns ns
Depth (m) 39.4 0.4 ns ns
Salinity 32.4 0.05 ns ns
Temperature (C) 0.9 0.2 ns ns
Chlorophyll (mg cm−3) 0.349 0.021 ns ns
Organic carbon (mg g−1) 6.9 0.6 ns ns
2009
Percent sand 45.5 3.0 ns ns
Percent mud 47.4 3.5 ns ns
Depth (m) 39.8 0.4 ns ns
Salinity 32.0 0.02 ns ns
Temperature (C) 2.4 0.1 ns ns
Chlorophyll (mg cm−3) 0.022 0.005 ns ns
Organic carbon (mg g−1) 7.3 0.9 ns ns
2010
Percent sand 47.3 3.2 29.8 11.1
Percent mud 45.1 3.7 70.0 11.3
Depth (m) 39.7 0.4 41.9 0.7
Salinity 32.2 0.02 32.4 0.07
Temperature (C) 1.6 0.2 0.3 0.5
Chlorophyll (mg cm−3) 1.980 0.241 0.385 0.136
Organic carbon (mg g−1) 6.1 0.9 13.3 3.8Overall, sediments from Klondike were coarser and had less
organic carbon, the area was shallower, and bottom-water war-
mer, than Burger (Table 2). Transitional stations were muddy and
had high organic carbon concentrations, but were otherwise
intermediate between Klondike and Burger. The environmental
characteristics in Statoil were similar to Klondike, although sedi-
ments were slightly ﬁner and bottom-water colder. The Mammal-
feeding study area was sandier, deeper, and bottom-water
much warmer in 2010 than the other study areas, and had
high organic carbon concentrations, particularly in 2010. Mean-
ingful differences in total chlorophyll concentrations were less
apparent, although concentrations were highest at all study areas
in 2010 (likely a reﬂection of variations in bloom and sampling
dates) and varied substantially among study areas with Transi-
tional stations having low concentrations and Statoil having the
highest.
4.2. Characteristics of macrofaunal communities
A total of 402 taxonomic categories of benthic macrofaunal
organisms were identiﬁed from the 2008–2010 samples (see
Supplementary material in the online Appendix AII). Of the total
density of macrofaunal organisms collected from the Klondike,
Burger, Statoil, and Transitional study areas in 2008–2010, 53%
were polychaetes, 15% were amphipods, another 15% were
bivalves, 6% were ostracods, 4% were cumaceans, and the remain-
ing 7% collectively included gastropods, sipunculids, nemerteans,
priapulids, and other taxa. Of the total biomass of macrofaunal
organisms collected from these study areas, 52% was composed of
bivalves, 26% was polychaetes, 15% was sipunculids, and the
remaining 7% collectively included gastropods, amphipods, nemer-
teans, priapulids, decapods, and other taxa. The average density of
macrofauna in the three main study areas ranged from ∼800
(Klondike, 2008) to ∼4000 ind. m−2 (Burger, 2009) during the10. Ave.¼average; SE¼standard error; ns¼not sampled. Bottom-water salinity and
Burger Statoil Mammal-feeding
Ave. SE Ave. SE Ave. SE
36.2 2.7 ns ns ns ns
61.2 3.0 ns ns ns ns
41.9 0.3 ns ns ns ns
32.9 0.03 ns ns ns ns
−1.4 0.05 ns ns ns ns
0.368 0.017 ns ns ns ns
9.9 0.9 ns ns ns ns
34.1 3.0 ns ns 67.5 3.5
60.6 3.4 ns ns 15.5 1.6
41.9 0.3 ns ns 50.7 0.4
32.3 0.03 ns ns 32.5 0.01
0.7 0.1 ns ns −0.4 0.02
0.015 0.003 ns ns 0.042 0.013
9.0 1.0 ns ns 7.8 2.2
33.9 3.6 43.9 4.0 55.3 4.3
61.0 3.9 53.9 4.1 12.8 3.1
42.1 0.3 38.8 0.5 50.4 0.4
32.7 0.04 32.6 0.03 32.0 0.01
−0.9 0.1 −0.7 0.1 5.3 0.2
2.068 0.315 2.554 0.219 1.389 0.502
9.0 1.1 5.9 0.6 11.7 4.9
50
48
46
120
100
80
44
42
40
38
D
ep
th
 (m
)
60
40
20
0
%
 M
ud
 
20
08
20
09
20
10
Tr
an
si
tio
na
l
20
08
20
09
20
10
S
ta
to
il
20
09
20
10
Klondike Burger Mammal
-feeding
20
08
20
09
20
10
Tr
an
si
tio
na
l
20
08
20
09
20
10
S
ta
to
il
20
09
20
10
Klondike Burger Mammal
-feeding
20
08
20
09
20
10
Tr
an
si
tio
na
l
20
08
20
09
20
10
S
ta
to
il
20
09
20
10
Klondike Burger Mammal
-feeding
20
08
20
09
20
10
Tr
an
si
tio
na
l
20
08
20
09
20
10
S
ta
to
il
20
09
20
10
Klondike Burger Mammal
-feeding
660
4
2
0
Te
m
pe
ra
tu
re
 (C
)
20
15
10
5
0
O
rg
an
ic
 C
ar
bo
n 
(m
g 
g-
2 )
Fig. 2. Average water depth (m), percent mud, organic carbon (mg g−1), and bottom–water temperature (1C) and 95% conﬁdence intervals for the 2008–2010 CSESP study in
the northeastern Chukchi Sea.
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–66 57study period; the mean biomass ranged from ∼130 (Klondike,
2009) to ∼360 g m–2 (Statoil, 2010; Table 3; see the online Supple-
mentary Appendix AI).
For the Mammal-feeding study area, the total density was
composed primarily of amphipods (71%); it also included polychaetes
(13%), bivalves (5%), sipunculids (4%), echinoderms (2%), isopods (2%),
as well as cumaceans and other taxa (3%). Total biomass consisted
of 30% amphipods, 29% bivalves, 21% polychaetes, 8% echinoderms,
4% sipunculids, and 2% isopods, with the remaining 6% collectively
consisting of gastropods, priapulids, decapods, and other taxa. For
the two years of sampling at the Mammal-feeding study area,
the average density ranged from ∼8000 ind. m–2 in 2009 to 11,000
ind m−2 in 2010 (Table 3). Biomass similarly increased from ∼180
g m–2 in 2009 to ∼310 g m−2 in 2010.
The total number of taxa identiﬁed ranged from 128 for the
Transitional stations in 2010 to 288 for Klondike in 2009 (Table 3).
The total number of taxa was higher in Klondike than in the other
sampling locations, and numbers were similar among years (range:
273 to 288). The total number of taxa for Burger was more variable,
ranging from a minimum of 239 in 2010 to a maximum of 268 in
2008. Total number of taxa in Statoil for 2010 was 220, which was
less than either Klondike or Burger. The Transitional stations had a
low number of taxa overall (128) due to the low number of
locations sampled, whereas the number of taxa in the
Mammal-feeding study area was considerably higher (213 in 2009
and 174 in 2010), despite the few locations sampled (Table 3).
Shannon diversity values ranged from 4.66 to 5.35 for Klondike and
Burger reﬂecting small differences in diversity. Statoil had a
Shannon diversity value that was intermediate between those of
Klondike and Burger (5.13). The lower diversity measured at the
Transitional stations (4.50) and Mammal-feeding study area (3.57)
arises in large part, from the lower number of stations sampled
in each.4.3. Univariate analysis of community attributes
Comparisons of biological measures indicated signiﬁcant differ-
ences between the Klondike and Burger study areas. Repeated-
measures analysis of variance (rm ANOVA) for Klondike and Burger
in 2008–2010 (the two study areas repeatedly sampled) indicated
signiﬁcant (α¼0.05) AreaYear interactions for density, biomass,
and the number of taxa (Table 4). Tukey multiple comparisons
indicated that Klondike had signiﬁcantly lower density and biomass
than Burger in all years and the number of taxa in 2008–2010 for
Klondike was lower than Burger for 2008 and 2009. Within study
areas, density in Klondike in 2008 was lower than Klondike in 2010
and density in Burger 2010 was lower than Burger in 2008 and 2009.
Biomass in Klondike 2009 was lower than in 2010. The number of
taxa in Klondike 2008 and 2009 were lower than Klondike in 2009
and Burger 2010 was less than Burger 2008 which was less than
2009. The signiﬁcant declines in average density and the number of
taxa in 2010 represented a much larger change from 2008 to 2010 in
Burger than in Klondike where differences among years were
smaller, thus causing the signiﬁcant interaction (Fig. 4). The sig-
niﬁcant interaction for biomass was caused by signiﬁcantly greater
biomass in Klondike in 2010 whereas there were no differences
among other years for either study area. For study areas sampled in
2009 or 2010 only, comparisons of conﬁdence intervals demonstrate
that Statoil in 2010 had lower average density and a lower number of
taxa than Burger and was similar to Klondike. Statoil also had high
biomass that was similar to Burger. The Transitional stations also had
high biomass but conﬁdence intervals were too wide to determine
signiﬁcant differences. The Mammal-feeding study area had much
greater average density than the other study areas but biomass
values were similar to Burger and Statoil. The number of taxa in the
Mammal-fee-ding area was signiﬁcantly higher than Klondike,
Burger 2010, and Statoil.
Fig. 3. Water depth (m), percent mud, organic carbon (mg g−1), and bottom-water temperature (1C) geospatial models for the 2008–2010 CSESP study in the northeastern
Chukchi Sea. The boxes denote the three study areas.
Table 3
Biotic attributes for macrofauna in the northeastern Chukchi Sea, 2008–2010. Ave.¼average; SE¼standard error; –¼not calculated; ns¼not sampled.
Year/Attribute Study area
Klondike Transitional Burger Statoil Mammal-feeding
Ave. SE Ave. SE Ave. SE Ave. SE Ave. SE
2008
Density (ind. m−2) 803.5 64.3 ns ns 3331.4 528.6 ns ns ns ns
Biomass (g m−2) 157.5 15.2 ns ns 305.9 5.6 ns ns ns ns
Taxa per station 34.2 2.4 ns ns 50.8 3.0 ns ns ns ns
Total taxa per area 250 – ns ns 246 – ns ns ns ns
Shannon diversity 5.18 – ns ns 4.90 – ns ns ns ns
Simpson's evenness 0.99 – ns ns 0.98 – ns ns ns ns
2009
Density (ind. m−2) 1109.7 135.4 ns ns 3982.4 534.6 ns ns 8241.1 1808.1
Biomass (g m−2) 125.6 6.2 ns ns 287.3 4.8 ns ns 184.4 1.1
Taxa per station 42.1 5.5 ns ns 58.9 3.5 ns ns 63.1 8.1
Total taxa per area 268 – ns ns 248 – ns ns 196 –
Shannon diversity 5.19 – ns ns 4.90 – ns ns 4.00 –
Simpson's evenness 0.99 – ns ns 0.98 – ns ns 0.93 –
2010
Density (ind. m−2) 919.3 112.2 1527.8 678.1 2415.5 488.7 1053.6 118.5 10,935.6 2214.8
Biomass (g m−2) 194.3 10.3 492.4 12.2 294.1 3.9 362.7 26.2 309.8 2.4
Taxa per station 36.4 4.0 39.3 3.2 40.6 4.2 33.1 2.0 59.6 2.6
Total taxa per area 258 – 141 – 224 – 202 – 162 –
Shannon diversity 5.35 – 4.50 – 4.66 – 5.13 – 3.57 –
Simpson's evenness 0.99 – 0.99 – 0.96 – 0.99 – 0.91 –
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–6658Signiﬁcant AreaYear interactions were observed for densities
of the major taxonomic groups (Amphipoda, Bivalvia, Gastropoda,
and Polychaeta) (Table 4 and Fig. 5). Overall, densities of Amphi-
poda, Bivalvia, and Polychaeta were higher at Burger than Klondike.
The signiﬁcant interaction was apparent in the sharper decline in
densities at Burger in 2010 than in Klondike. Conﬁdence intervals
for average densities of the taxonomic groups indicate thatTransitional stations were not different from either Klondike or
Burger (Fig. 5). Amphipods, gastropods and polychaetes in Statoil
had lower density values than Burger but not Klondike, while
bivalves had conﬁdence intervals overlapping those of Burger and
Klondike. The Mammal-feeding study area had a markedly higher
average density of amphipods than did the other areas, but
conﬁdence intervals were very wide.
Table 4
F-statistics, p-values, and multiple comparisons from analysis of variance for biomass, density, sample number of taxa, and the density of the groups Amphipoda, Bivalvia,
Gastropoda, and Polychaeta for the 2008–2010 CSESP.
Attribute
Study area Year Area year
F-statistic P-value F-statistic P-value F-statistic P-value
Density 58.6 o0.0001 26.4 o0.0001 11.3 o0.0001
Biomass 43.3 o0.0001 5.7 0.0047 3.6 0.0305
Number of taxa 10.9 0.0019 32.3 o0.0001 10.7 o0.0001
Amphipoda 67.1 o0.0001 48.9 o0.0001 14.7 o0.0001
Bivalvia 62.2 o0.0001 21.9 o0.0001 6.3 0.0027
Gastropoda 3.4 0.0713 25.9 o0.0001 12.6 o0.0001
Polychaeta 27.8 o0.0001 7.6 0.0009 6.4 0.0024
Attribute Multiple comparisons (po0.05)
Density Klondike 2008–2010oBurger 2008–2010
Klondike 2008oKlondike 2009
Burger 2010oBurger 2008, 2009
Biomass Klondike 2008–2010oBurger 2008–2010
Klondike 2009oKlondike 2010
Number of taxa Klondike 2008–2010oBurger 2008, 2009
Klondike 2008, 2010oKlondike 2009
Burger 2010oBurger 2008oBurger 2009
Amphipoda Klondike 2008–2010oBurger 2008, 2009
Klondike 2008, 2010oBurger 2010
Klondike 2008, 2010oKlondike 2009
Burger 2010oBurger 2008, 2009
Bivalvia Klondike 2008–2010oBurger 2008, 2009
Klondike 2008, 2010oBurger 2010
Klondike 2008, 2010oKlondike 2009
Burger 2010oBurger 2008, 2009
Gastropoda Burger 2010oBurger 2008, 2009, Klondike 2008–2010
Klondike 2008, 2010oKlondike 2009
Polychaeta Klondike 2008–2010oBurger 2008–2010
Burger 2010oBurger 2009
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–66 59Areas of increased density and biomass were apparent within
Burger and Statoil when data were averaged across years: overall
community density was very high in the Burger study area while a
peak in biomass occurred within the Statoil study area, driven
largely by bivalves (Fig. 6 and Appendix AI). Likewise, the two most
prominent species, the subsurface deposit-feeding bivalve Ennucula
tenuis and the deep deposit-feeding polychaete Maldane sarsi,
demonstrated peaks in Burger (Fig. 7 and online Appendix AIII).4.4. Multivariate community structure
Signiﬁcant relationships between faunal community structure
and select environmental variables were demonstrated by direct
gradient analysis (Fig. 8). The initial correspondence ordination
underlying the canonical correspondence analysis (CCA) accounted
for 60% of total variability in the biological data over the ﬁrst six axes
(the number of variables in the CCA). The ﬁrst CCA axis accounted for
15% of variance in the initial ordination and the CCA second axis
accounted for 7% of variance with six CCA axes accounting for a total
of 29% in the initial ordination. Stations were separated largely by
depth along CCA Axis 1 with the deeper Mammal-feeding stations on
the right of the ordination plot and the other stations clustered on
the left (Fig. 8a). The spread of stations along CCA Axis 2 suggests a
joint relationship of water depth, percent mud, and percent organic
carbon (OC) with stations having greater water depths, higher
percent mud, and OC positioned at the top of the ordination plot.
The correlations between Axis 1 and the environmental variables
depth, mud, and OC are moderate to high, and moderate with Axis 2
(Table 5).Maldane sarsiwas closely associated with sediments havinghigher OC, and the amphipods Byblis spp., Ischyrocerus spp., and
Protomedeia spp. were associated with greater depth at the Mammal-
feeding area (Fig. 8b). Other macrofauna are associated with shal-
lower water depths, including the bivalve E. tenuis.
Joint biological and environmental gradients within the main
study region (encompassing Klondike, Burger, Statoil, and the
Transitional study areas) were also evaluated with CCA. The initial
ordination for this data set accounted for a total of 54% variance in
the biological data on the ﬁrst six axes. The CCA accounted for a
total of 20% of variance in the initial ordination over six axes with
9% accounted for by the ﬁrst CCA axes and 4% by the second. The
orientation of stations within the resulting ordination plot indicate
separation of stations correlated with depth, mud, and OC to the
right along CCA Axis, temperature to the left along Axis 1 and to
the top along CCA Axis 2, and latitude to the bottom along Axis 2
(Table 5 and Fig. 8c). Klondike stations were associated with
increased temperatures, Statoil with greater latitude, and Burger
stations with increased depth, mud, OC, and latitude. The poly-
chaete worm Barantolla americana was associated with increased
temperature, Macoma calcarea and Scoletoma spp. with increased
latitude, and M. sarsi with increased depth, mud, and OC (Fig. 8d).
Taxa contributing the most to within-study area similarity by
density (top three as determined by SIMPER) at Klondike stations
in 2008–2010 were the bivalve E. tenuis and the polychaetes B.
americana, M. sarsi, and the family Cirratulidae (Table 6 and Supple-
mentary Appendices AIII and AIV). At the Transitional stations, the
community in 2010 was characterized in density byM. sarsi, E. tenuis,
and ostracods (Appendix AIII). Animals in the highest density in
Burger in 2008–2010 were M. sarsi and ostracods, such that these
two animals contributed most to within-study area similarity fol-
lowed by E. tenuis, Scoletoma spp., and Photis spp. Taxa contributing
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Fig. 4. Average density (ind. m−2), biomass (g m−2), and the sample number of taxa
and 95% conﬁdence intervals for the 2008–2010 CSESP study in the northeastern
Chukchi Sea.
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–6660to within-station similarity in Statoil in 2010 include the bivalves E.
tenuis and Yoldia hyperborea and the maldanid polychaete Praxillella
praetermissa. The most prevalent organisms in the Mammal-feeding
study area in 2009–2010 were the amphipods Byblis spp., Ischyr-
ocerus spp., and Protomedeia spp.The animals contributing the most to within group similarity
by biomass in Klondike in 2008–2010 were M. sarsi, the peanut
worm Golﬁngia margaritacea, and the bivalves Nuculana pernula in
2008 and 2009 and Astarte borealis in 2010 (Table 6 and
Appendices AIII and AIV). Biomass at the Transitional stations for
2010 was greatest for G. margaritacea, M. sarsi, and A. borealis
(Appendix AIII). Animals with the highest biomass in Burger in
2008–2010 included the bivalves A. borealis (2008–2010), E. tenuis,
(2009), and Macoma calcarea (2008–2010) and G. margaritacea
(2008 and 2010). Biomass for Statoil in 2010 was greatest for A.
borealis, M. calcarea, and Y. hyperborea. In 2009–2010, the
Mammal-feeding study area had the greatest biomass for Byblis
spp. (juveniles, 2009–2010), B. pearcyi (2010), and A. borealis
(2009–2010). The detailed rankings by density and biomass
demonstrate that E. tenuis had higher densities in Burger than in
Klondike or Statoil, while M. sarsi had higher densities in Burger,
but wet biomass values were similar among the Klondike, Burger,
and Statoil study areas.5. Discussion
5.1. Benthic communities of the northeastern Chukchi Sea
The benthic fauna of Klondike, Burger, and Statoil study areas
are diverse and very abundant, with a high afﬁnity to northern
Paciﬁc benthic assemblages found throughout the Gulf of Alaska,
the Bering Sea and the Chukchi Sea. Many macrofaunal species
found in the northeastern Chukchi Sea occur across a wide range
of soft-sediment habitats from glacial fjords and the Gulf of Alaska
to the Arctic shelf, and in shallow subtidal areas to deep basins
(Feder and Jewett, 1987; Feder et al., 1994a; Feder and Blanchard,
1998; Jewett et al., 1999, 2009; Hoberg and Feder, 2002; Blanchard
et al., 2010). The predominance of north Paciﬁc and circumboreal
fauna, rather than arctic species, is expected given the northward
ﬂow of water from the North Paciﬁc Ocean and Bering Sea (Carey,
1991; Dunton, 1992).
Benthic communities of arctic shelves share many character-
istics. At regional scales, community structure reﬂects water-mass
characteristics in both the Barents and the Chukchi seas with the
strength of pelagic–benthic coupling and advection of seasonal
production playing key roles in structuring macrobenthic commu-
nities (Feder et al., 1994a; Grebmeier et al., 2006; Cochrane et al.,
2009; Carroll and Ambrose, 2012). The deposition of large propor-
tions of particulate organic matter (POM) on shallow shelves can
result in rich benthic assemblages (Iken et al., 2010; Carroll and
Ambrose, 2012). Numerous macrofaunal species are shared among
boreal and arctic shelves and fjords indicating substantial
exchange of species across the Arctic from the Chukchi, Beaufort,
Barents, and Kara seas (Carey, 1991; see also species lists in: Feder
et al., 1994a; Jørgensen et al., 1999; Cochrane et al., 2009;
Blanchard et al., 2010; Carroll and Ambrose, 2012). Diversity is
more difﬁcult to compare, but a recent investigation of pan-Arctic
diversity patterns found that the Bering and Chukchi seas were
intermediate in taxonomic distinctness, as compared with other
arctic regions, reﬂecting moderate exchange of species across the
Arctic Ocean (Piepenburg et al., 2011). Additionally, the density
(∼800–11,000 ind. m−2) and biomass (∼130–360 g m−2) values
observed for macrofauna in the present study fall within the
values for soft sediments in offshore shelf habitats elsewhere in
the Arctic (Table 3; Carey, 1991; Feder et al., 1994a; Cochrane et al.,
2009). Comparable values for density (∼200–6000 ind. m−2) and
biomass (∼40–150 g m−2) are noted for the Barents Sea, with
variations related to water circulation patterns and water mass
characteristics (Carroll and Ambrose, 2012; Hunt et al., 2013).
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Fig. 5. Average density (ind. m−2) of Amphipoda, Bivalvia, Gastropoda, and Polychaeta and 95% conﬁdence intervals for the 2008–2010 CSESP study in the northeastern
Chukchi Sea.
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–66 61Benthic faunal composition was generally similar within the
CSESP study areas reﬂecting moderate adjustments of density and
biomass within varying habitats, with the exception of the Mammal-
feeding area. The most abundant fauna across the study region
include the polychaeteMaldane sarsi, the bivalve E. tenuis, ostracods,
and amphipods (especially in the Mammal-feeding study area). The
high densities and biomass of the deposit-feeders E. tenuis and M.
sarsi indicate high biological activity, and thus high rates of biotur-
bation in the sediment column, particularly in Burger (Figs. 6 and 7).
E. tenuis is a shallow subsurface deposit-feeder while M. sarsi is a
deep deposit-feeder. M. sarsi is particularly important in the trans-
port of sediments from depth (∼10 cm) to the surface by feeding
activities, with the active movement of carbon in both directions
(Levin et al., 1997). Both organisms have circumboreal distributions
in soft-sediment habitats from fjords to continental shelves indicat-
ing wide environmental tolerances (Cochrane et al., 2009; Blanchard
et al., 2010; Carroll and Ambrose, 2012). Ostracods have a wide range
of feeding habits (Barnes, 1987), but the ecology of the various
ostracod species present in the current study is unknown. From an
ecological perspective, the large sipunculid worm Golﬁngia margar-
itacea and bivalves such as Astarte spp. and Macoma calcarea are
important due to their large sizes and occurrence in walrus
(Odobenus rosmarus divergens) stomachs (Fay, 1982; Shefﬁeld and
Grebmeier, 2009). Ampeliscid amphipods are a preferred prey of
gray whales (Eschrichtius robustus) in the northern Bering and
Chukchi seas (Highsmith and Coyle, 1992; Highsmith et al., 2006;
Bluhm and Gradinger, 2008) and they were dominant in the
Mammal-feeding study area, where gray whales were seen feeding.5.2. Sources of spatial variability
Interactions between landscape elements (e.g., capes, shoals, and
canyons) and water movements can result in deviations of watermovements that increase availability of organic matter to benthic
communities (De Leo et al., 2010; Buhl-Mortensen et al., 2012).
Topographic variations that alter water movements can result in
increased current speeds resuspending particulates and advecting
greater volumes of particulate matter past suspension-feeders.
Altered water movements can also cause increased deposition of
carbon for deposit-feeders in areas where currents either slow down
or gyres and eddies concentrate particulates. Such interactions can be
a primary driver of spatial variability of biological communities (Feder
et al., 1994a, 2005, 2007; De Leo et al., 2010). Water circulation in
the northeastern Chukchi Sea is strongly inﬂuenced by bathy
metric variations (Martin and Drucker, 1997; Pickart et al., 2005;
Weingartner et al., 2005; Spall, 2007), which, in turn appear to affect
biological distributions (Grebmeier et al., 2006; Aerts et al., 2013;
Blanchard et al., 2013b; Questel et al., 2013; Gall et al., 2013). As
shown by Weingartner et al. (2013), the winter waters in Klondike,
Statoil, and to some degree, in the southern half of Burger, are
replaced by eastward-ﬂowing, warmer, less saline Bering Sea Water
in August and September. The dense (cold and saline) bottom waters
over the northeastern portion of Burger persist much longer.
Weingartner et al. (2013) suggest several mechanisms may be
responsible for the persistence of dense water in this region of Burger.
These include the occasional inﬂow of dense water into the area from
the eastern side of Hanna Shoal, a tendency for dense pools of bottom
water to be relatively stagnant, and ﬂow convergence. Each of these
mechanisms, alone or in agg-regate, would tend to enhance organic
carbon deposition in this area.
Within the CSESP study areas, the stronger stratiﬁcation at
Burger caused by the persistent cold pool may result in higher
rates of seasonal production and greater ﬂux of organic carbon to
the benthos (Fig. 3; Questel et al., 2013; Weingartner et al., 2013).
This extends to the area to the south of Hanna Shoal and adjacent
to and including the northeastern corner of Burger that is
recognized as an area with increased macrofaunal production
Fig. 6. Macrofaunal, bivalve, and polychaete numerical density and biomass for the CSESP study region in the northeastern Chukchi Sea. The boxes denote the three study
areas. Data are averaged across all years.
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–6662and marine-mammal foraging (Faulkner et al., 1994; Feder et al.,
1994a; Dunton et al., 2005; Grebmeier et al., 2006; Spall, 2007).
Density and biomass of benthic fauna also increase near and
within Barrow Canyon (including the Mammal-feeding stations
in the present study) where topographic variations force changes
in water movements (Pickart et al., 2005). Similarly, increased
densities of benthic fauna are associated with a large, recurrent
eddy in the southeastern Chukchi Sea at Cape Prince of Wales, as
well as on the Svalbard Shelf in the Barents Sea (Feder et al., 2007;
Carroll and Ambrose, 2012), and even at smaller scales in Port
Valdez, Alaska (Blanchard et al., 2002).
The indirect inﬂuence of topography extends to multiple
biological communities in the northeastern Chukchi Sea. The high
macrofaunal density, biomass and high proportions of deposit-
feeding organisms in the area surrounding Burger reﬂect greater
concentrations of POC in the area underneath the convergence
zone for water moving from the east with water moving west
along Hanna Shoal (Figs. 3, 6, and 7 and Appendices AII and AIII).
Similar biological patterns were observed for the benthic mega-
fauna (Blanchard et al., 2013b). Differences extend beyond benthic
fauna to benthic ﬁshes, zooplankton, marine mammal, and seabird
communities as well, with all biological communities in the study
area differing notably between the Klondike and Burger studyareas (Aerts et al., 2013; Day et al., 2013; Gall et al., 2013; Hannay
et al., 2013; Norcross et al., 2013; Questel et al., 2013). The
complexity and ecological importance of water currents are topics
under further investigation in the CSESP.5.3. Short-term temporal variability
The temporal uncoupling of zooplankton community develop-
ment from the spring bloom in the Chukchi Sea results in a large
ﬂux of unconsumed primary production to the sea ﬂoor that is
consumed by benthic organisms (Grebmeier et al., 1988; Grebmeier
et al., 2006; Questel et al., 2013). Seasonal patterns, however, can be
greatly inﬂuenced by regional climatic variations. Spring winds in
the northeastern Chukchi Sea shifted between easterly winds
blowing offshore (2008 and 2010) and melting ice ﬁrst from the
shoreline, to southerly winds (2009) melting ice from the south ﬁrst
(Weingartner et al., 2013). The changes in wind direction forced
large changes in early-season distributions of sea ice and open
water, timing and pattern of ice melt-back, water temperature and
salinity, the movement of zooplankton into the region, and seasonal
production, including the amount of production falling to the
benthos (Questel et al., 2013).
Fig. 7. Ennucula tenuis and Maldane sarsi numerical density for the CSESP study
region in the northeastern Chukchi Sea. The boxes denote the three study areas.
Data are averaged across all years.
Fig. 8. Canonical correspondence analysis (CCA) of benthic numerical density data from
plots include all stations (a and b) and then the stations within the main study area (
stations (a and c) and by dominant infauna (b and d). The arrows represent the correl
organic carbon, D¼water depth, L¼ latitude, M¼percent mud, T¼bottom-water tempe
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–66 63The greater density and diversity of macrofaunal animals in the
study area from 2008 to 2009 and the decline in 2010 coincide with
large interannual differences in spring oceanographic conditions.
Warmer conditions led to an early spring bloom in 2009 with higher
zooplankton abundance with highest zooplankton abundance and
biomass in 2010 (Questel et al., 2013). The less-developed zooplank-
ton community of 2008, the coldest year, would likely have led to
greater proportions of production reaching the benthos sup-
porting the greater macrofaunal densities through 2009. The greater
proportions of zooplankton in 2009 and 2010 would result in less
seasonal production reaching the benthos, causing an increase in
overwinter mortality of macrofauna, and subsequently, a decline in
benthic community density and biomass. Additionally, many macro-
fauna have early life stages that are sensitive to water temperature
differences; for example, bottom-water temperature changes have
been suggested as a key factor inﬂuencing the distribution of thethe 2008–2010 CSESP study region in the northeastern Chukchi Sea. The ordination
excluding the Mammal-feeding stations, c and d). The CCA plots are presented by
ations of environmental variables with the CCA axes. The variables are C¼percent
rature, and Y¼year of study. Dominant taxa (41% total density) are identiﬁed.
Table 5
Correlations of environmental variables with the ﬁrst two axes for the canonical
correspondence analysis of macrofauna data from the northeastern Chukchi Sea,
2008–2010.
All study areas Without Mammal-feeding study area
Variables CCA1 CCA2 Variables CCA1 CCA2
Depth 0.73 0.40 Depth 0.68 0.10
Latitude −0.64 −0.01 Latitude 0.15 −0.77
Organic carbon −0.24 0.42 Organic carbon 0.75 −0.05
Percent mud −0.78 0.41 Percent mud 0.56 0.02
Temperature 0.49 −0.20 Temperature −0.51 0.46
Year 0.08 0.16 Year 0.11 −0.02
Cumulative (%) 15.3 21.7 Cumulative (%) 9.4 13.5
Total (%) 28.8 Total (%) 19.9
Table 6
Three macrofaunal taxa contributing most to within-study area similarity by average density (ind. m−2) and biomass (g m−2). Stations for each area are those included in
Fig. 5.
Taxon Abundance Similarity Taxon Biomass Similarity
Klondike 2008
Abundance average similarity¼41.95 Biomass average similarity¼26.08
Maldane sarsi 70.51 6.22 Maldane sarsi 29.56 12.93
Ennucula tenuis 67.95 7.96 Golﬁngia margaritacea 13.55 1.53
Barantolla americana 43.97 3.26 Nuculana pernula 10.59 1.53
Klondike 2009
Abundance average similarity¼44.46 Biomass average similarity¼21.49
Ennucula tenuis 112.31 10.50 Maldane sarsi 16.21 8.06
Cirratulidae 59.49 3.66 Golﬁngia margaritacea 10.33 0.51
Maldane sarsi 47.05 3.15 Nuculana pernula 9.77 1.61
Klondike 2010
Abundance average similarity¼43.78 Biomass average similarity¼30.86
Ennucula tenuis 89.60 10.82 Golﬁngia margaritacea 51.51 10.50
Maldane sarsi 78.00 6.57 Maldane sarsi 31.68 11.22
Cirratulidae 64.53 3.20 Astarte borealis 19.12 0.76
Transitional 2010
Abundance average similarity¼45.21 Biomass average similarity¼45.26
Maldane sarsi 172.50 6.82 Golﬁngia margaritacea 159.91 24.58
Ennucula tenuis 156.67 6.57 Maldane sarsi 71.34 8.49
Ostracoda 155.00 4.49 Astarte borealis 41.93 1.49
Burger 2008
Abundance average similarity¼38.27 Biomass average similarity¼31.95
Maldane sarsi 748.39 2.68 Astarte borealis 54.59 5.06
Ostracoda 286.67 3.98 Golﬁngia margaritacea 38.16 3.29
Lumbrineris spp. 188.51 4.34 Macoma calcarea 28.52 2.14
Burger 2009
Abundance average similarity¼40.30 Biomass average similarity¼34.48
Maldane sarsi 749.62 2.53 Astarte borealis 57.51 7.40
Ostracoda 289.49 3.47 Macoma calcarea 44.56 4.06
Photis spp. 212.05 0.90 Ennucula tenuis 28.81 6.56
Burger 2010
Abundance average similarity¼34.14 Biomass average similarity¼34.32
Maldane sarsi 1084.74 6.15 Golﬁngia margaritacea 55.62 5.14
Ostracoda 135.26 2.59 Astarte borealis 42.29 6.25
Ennucula tenuis 130.90 5.41 Macoma calcarea 39.94 4.16
Statoil 2010
Abundance average similarity¼35.06 Biomass average similarity¼24.73
Ennucula tenuis 87.08 5.93 Astarte borealis 88.78 3.86
Yoldia hyperborea 65.97 1.22 Macoma calcarea 42.12 2.16
Praxillella praetermissa 59.86 3.11 Yoldia hyperborea 41.86 2.71
Mammal-feeding 2009
Abundance average similarity¼35.80 Biomass average similarity¼21.80
Protomedeia spp. 670.28 1.54 Astarte borealis 14.92 0.88
Ischyrocerus spp. 547.22 3.15 Nephtys caeca 9.71 0.87
Mammal-feeding 2010
Abundance average similarity¼32.49 Biomass average similarity¼23.47
Byblis spp. 4641.11 17.00 Astarte borealis 35.86 1.72
Protomedeia spp. 951.11 3.95 Byblis spp. 33.20 5.00
Ischyrocerus spp. 440.00 1.15 Byblis pearcyi 22.41 4.39
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–6664bivalve Macoma calcarea in the Chukchi Sea, presumably through
altered survival of early life stages (Sirenko and Gagaev, 2007; see
also Pearson and Barnett, 1987). Elsewhere, Blanchard et al. (2010)
found a strong, positive correlation between the Paciﬁc Decadal
Oscillation and macrofauna density in Port Valdez, Alaska (1989–
2010), although the underlying processes remain unknown. Thus,
direct effects of varying water temperature on faunal recruitment
and survival are possible, likely in combination with mortality of
mature macrofauna as well. Variability in sampling dates for macro-
fauna may also contribute to the observed changes. Sampling during
the earlier dates in 2010 (2–4 weeks earlier than in 2008 and 2009)
may have missed some younger animals that could be retained after
growth in the later sampling periods. Nevertheless, the match
between macrofaunal and oceanographic variations suggests thatbenthic communities might be responding relatively quickly to the
large-scale environmental variability.6. Conclusions
Benthic macrofaunal communities in the northeastern Chukchi
Sea exhibit high density and biomass in the shallow waters of the
region. The benthic macrofaunal assemblages in 2008–2010 were
characterized by species found throughout the North Paciﬁc region
and the Bering and southeastern Chukchi seas. Although the
assemblages in all study areas contained the same species, the
average density of macrofauna was higher in Burger than in
Klondike or Statoil. Benthic community structure in the
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 52–66 65northeastern Chukchi was correlated with water depth and
temperature, reﬂecting environmental gradients shaped by geolo-
gical and oceanographic characteristics of the study area. Topo-
graphic control of water movements enhances the availability of
organic matter and plays a key role in deﬁning the ecological
characteristics of the Chukchi Sea. Short-term temporal differ-
ences in community structure covaried with wind-driven oceano-
graphic variations from 2008 to 2010, which could have altered
food supply, macrofaunal survival, and larval survival and
recruitment.
Topographic control over water currents is a different process
than those considered under typical evaluations of vulnerabilities
of benthic communities to environmental change (e.g., Bluhm
et al., 2008). With topography controlling water movements, and
thereby the concentration and delivery of particulate carbon to the
benthos, fauna may be affected very differently by environmental
perturbations than if community variations are driven primarily
by water mass characteristics or sediment grain size, as currently
presumed. Thus, the indirect inﬂuence of topographic control on
local increases in benthic production and marine mammal activ-
ities should be evaluated further in future investigations of climate
change in the Arctic.Acknowledgments
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